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(54) Thin film transistor based on substituted phthalocyanlnes 



(57) Ttin fflrn, n-chameJ transistors in which the 
active layer Is an ordered film of a substituted phthaJocy- 
anine coordination corvpound wilh a FiehJ-effect mobi% 
greater than 1 0" 3 cm 2 /Vs and a conducfivity in the range 
of about 10** Stan lo about 10" 7 S/crn at 2CC are di* 
closed. Examples of suitable substituted phihalocy- 
anines include copper phthatocyanine, zinc phihaJo- 
cyanine, hydrogen phthalocyanine, and tm phthalocya- 
rwio in which in© phthalocyanrne has at least one f fc*- 

fig. 2 



rine or chlorine substltuent on at least one of Its six- 
membered rings. Thin fflrn devices made of these mate- 
rials have an ortof/ ratio of at least about 10 3 , it ts 
ach/antaaeoos d the device is ^Wealed using a process 
in which the substrate is heated to a temperature fri the 
range of about 30°C to about 215°C when the fim is 
formed thereon. 
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Description 

Continuing Application ^formation 
Field of the Invention 
Background of the Invention 

[00O3J Organic Semiconductor maieriafe are currently beina InvestinatAd for . .» ~ ,u„ , 

effect transisto/s (MIS-FETs). Organic semiconductor mater iate offer processing advantages such Ja^^L JZ 

lit ^ 5liKlra,e3 by spiriting ^th^S^SS^SSSJS* ™ £ 

therefore attractive. Howler, in order for thesa materials lobo 1*^1 for ^ oln TFT^ZS^SS^SS^ 1 
h ^ a "^«Mcf .he source/drain^^ 

ac Icwae 100 are suited for some .pptartto*. typical* TITdB^m^^S^^iJ^S^^ 
prepert.es of the organic sermcondudor materials that govern the on/off ratio «. «uZ ,™«*f^!r^ 
Or^nicserrwcxnductorr^teriate^ 

r i fl ^ ^ ,,near "***»»*' bei^een the conductivity and iheffew effect ^wWByof 

such matenaJ, lo, as the conducfivrty increases so does the <toU<ffect mobility ABhouoh Brown pi a i 
wrtha very high mobiiry. this high mobSry achieved at the eo^enseofc^^ 

these matenate must be withui a range lhat provides a device with an on/off ratio of at least t0=. tonaucwn > r 01 
SUMMARY OF THE INVENTION 

EiS^ iS to **™«>™^ devices with substituted organic sen^onductor matenate. 

^c***£ZZ2%£^3^' ^' ,ron w These coordination compounds form ordered films 

l^mSSS ELIJS cont * jaMees ^ an-orphaw, doped Stoc^ine. aZS 

Ite^rnembered nngs of the coordination compound has at least one chlorine or fluorine sufeffluent m^eon: B Z 
^, 9 ^ZL^ ZTr^^'^l - « comp. ctely substituted with either fluorine or ci^^L ^Z^. 



50 



55 
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35 



WU06J In one embodiment Ihe present invention is direcJed to a E «ntr/wv*.,M~ -nn-.j - 

^an^ganic semfcondudor materia with a ReH 2£ n£S ^JK£^KXLt^ "I**! ,h6 ^ 
of about 1 Cr 9 S/cm to about 1 CT 7 Stan. In oris err^^^^T ^ . ^ ^ a Cond «*% in the range 
with an active layer of the organielSrr^u^^ the device te a MIS-FET type TFT 

ductive metals s£ as gokfca. £J2?325i ^ISS^Z 2? ST fr* «*- 

tact is adapted to control the current thro^Sr^A^^^L 1 6 ^ canductof ™e third con- 
I00O7J The TFT device of the wese^^«tfn^TS ^ 0,9 nr6tantI second smarts, 

or plastic. A teyerofdidecttSe^ *»eon 
substrate and the layer of di^T^^^^^^^^^^ fe P^^V connected to (he 
[00081 in ar»^^rr*w«^^ ^ 1 _ tef P < »ed befween the other two contacts and the substrate 

U^< it^t^'^ a (LED) «e elects 

device is a sciar cetl. ^^^ ^^^Z^^tL^^ of the present invention, the 

[OOWJ In tha process of the present invention, the laver of r^i? ™~T^. . 

•£* substrate, VVhen the vJ^n^lZZ^Z^^gZ £222 ^TZ*'"^? 
ance is improved Specifically, when the termeratura or tha ??^Z substrate, device perfcrm- 

when ihe layer ofphthatocyanU is^ed^^ L n^^f^l ^ TO of about 30*C to about ZMFC. 
whW, the layer rt^ZSnsfeS^^SS^ ^SS^?"' fe grea ter than a Bte device in 
mcbiRyb observed depends on tbT rne^o^fi^nT^^!^ te ^ a ^ range in whfch advantageous 
metar coordinate « co^JL^^^S^ ^^S?"! ?° ,dinafio " «*Wd For example, if the 
iha metal C*o«sJ^t£^£^^ If 
215»CL tf the mctaJ coordinate is r^C^Zr^^^^^!^l. substrate temperature is about 125»C to about ■ 
100-C to abo^s-cT^ aAantegaous mobihty to observed if the temperature of the substrate is abput 

net material ^devic^Se^SSr^S ^frT^ ^ U6ed * devfcei * al "< te ^ 
channel dev*, on th B ^^^T^^^^^^^^,^^^ «- ► 

of the present invento, are also us*W ;„ i*«iS^; £K£?SL " ^ '~ hannel • 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0011] 

« FIG, 1 fe a cut away side view of a TFT device of the present invention, 

Fia Z illustrates the relationship between the field effect mobility of a Cu-Pc film and the temperature of the sub- 
strate on which the film is formed. 

FIG. 3 illustrates the relationship between thedrain.source current and the drain-source voltage of a thin film device 
with a fluo/inensubstituted copper phthalocyanine semiconductor film at various gate voltages. 

DETAILED DESCRIPTION 

[001 2] The present invention is directed to semiconductor devices In which the active layer is a substituted phthalo- 
cyanine coordinafion compound and a process tor making the device. The devices of the present invention are 
is equipped with contacts for the application of current through the active layer. The substituted phlhalocyanine coordina- 
tion compound has four six-rnembered rings, at least one ol which is substituted with a strong electron wrthdrawino 
group such as chlorine or f luorina It is advantageous if aU four of the six-membered rings in the coordination compound 
are completely substituted with the electron withdrawing groups. The embodiment of the present invention in which all 
of the six-membered rings are completely substituted fs illustrated by the following structure: 




The coordinate ion is indicated generally by the retter X It is advantageous if the coorcfiiiata ion Ts either copper, zmc K 
? or iron, 

[001 3] In one errtodirnent ol the present invention the device «3 an n-charmeJ TFT device. The device of the present 
Mention has an orvoffr^^ 

tageousff thephthalocyan^ has a field effect mobility yealer Ihanio:* cnrVv^s and a conductivity in the range of 
about 10" 3 Sfcro to about 1 0" 7 Stan. FIGl 1 Hfostraies one example of a MIS-FET type device accordfrig to the invention. 
> Thelransfetor 20 fe a substrate 11 over whtchateyer.ofdielecu^ 

■ ■ adffikfla? metal contacts, 17 and 19, axe formed over thedielectrie layer la- A foyer of the phthalocyanine coordfriafiort 
cornpound 21 formed over and between the contacts 17 arxi 191 One slolrf^ 
the present invention fe formed in a variety of different structures which are not detailed herein. 
10014] The substrate of the abcveKJescribedo^/ice^ 

tioThe contacts are made of a converreonaJ material for this purpose such as gokt The dielectric material is a conven- 
tional matenal such as silicon dioxide, sfflcon nM? e (SW. or afomfoum oxide (Ay^). The contacts and the dielectric 
layer are formed on the substrate using well known, cwveritionaJ techniques which are not discussed in detail hereia 
IOfiq By way of example. MlS^r^ type TFTsajeforn^ 
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is 



20 



an n-doped srBcon substrate. A 3000 A ihick layer of silicon dioxide Is formed over the substrate. The sift™ dioxide 
ayer functions as a gale dielectric malarial and has a capacitance of about 10 nF/cm 2 C^ratS ™S! 
formed over the Qalediefectrfc .aye,. A film of a phlhalxyanine coordination oom^ndT^^^^f^ 
tnc layer and fte contacts formed thereon. The phthalocyanine film is formed on^l^^Tnl t™^ 

mwNch an advamaoeous mobility of the resutting device * oteervj depends upon JfTS 3nJe ,n "he 
phthatocvan.necoord.nabon corrpound. For example, an advantageous mobi.ity iscfcse^throuSo^rttfle entU 

^ lemperaiure range of about 100-C to about 215"C when the metal coordinate isTron 
° m6] ™e phthalocyanine film is formed on the substrate using conventional techniques such as vacuum ri«™f«™ 
tt is advantageous if the thickness of the phthalocyanine Urn is about 3o nm to about ^r^Frl^Z^l 
on/off ratio greater than io* at 20»a so formed have an 

[0017J In another embodiment of the present invention, the device Is a lioht emittfrw diodP n ft>\ ^hor^ _> , 

sfrate or a transparent piastre subslrate on which a conventional anode su£ as an TO e.eotrode^form^^L^ 
anode Isformed a hole transport layer. Exanp.es of suitable materials lor the hole tmr^f^M^f!^ 
T*tZ7:%Z7^7£ eS - T^**™** «l POypf.eny.ene vinvlene. SuSSi^^esTL 
Z Zn^^l 3 ^ 30 nm to about 100 nm. An erritter layer is formed over the hole transp^eS^S- 

IhKAnessd the emmer layer » on the order of about 10 nm or fess. Th B electron transport layer is formed ^er^^T 
ler lay er. The electron transport layer has a thickness * the range of about 5 rm to Sout KSTlS 
over .he elect™ transport layer. The cathode has a thfcfcness of at leas, about 40 nm. ZZFnSS^lSS. 
ode include, by way of example, aluminum and calcfum maienais ror tna catb- 

C001S] m aBernaCve embodiments, a separate emitter layer Is not present In these emhodimonte ^ k„, 



10019] m another embodiment of the present inveniion. the device is a solar cell The solar cell has a o.„ hmr *i M 

nal of the present Invention. One example on a suitable solar cell is a glass substrate or a transparent nla^Th^t 
on which a oonvenfional electrode such as an ITO electrode is formed! OveT^e^SSTKtSS 

^ ^^ UCtof ^ rer ' 1 . Exan,pleS * SUitfih,a ^ nflB ' -"atenals include metaltoporpbyn^ 
nrn^™^ 6 * **» ^"-channel layer and thep-channel tv^SeTS^S^ TlO 

^ 1 A =onver*nal metal (e.g. sold, silver, elummun, arxl indium) electrode is format ovJ^e pS™*, 



Example 1 



so 



!^°L^^ e ^ r l n 5^^^ With I>taUnum ™ (04 **10 (Zn), nfctal (IS5), lion (Fe), tin 

Ed 0 ^^J^ fefl " a 'y*? 1,16 ab ° Ve «^^PJ*atocyan>ne coordination expounds as the active byer. 
J^H^^^'tr^ 00 c 0 ™^ «» to™** °" a substrate to form the device 20 depicted in^S. 
^t^f ^r 6 ^^: ln ^ * ^ 1,16 ,erm refer to tfJ^^re Jfa 

^♦^l e IL^ * fcm,ed 3 ^ rf Sate dielectric 13 with two contocte 1 7 end 1 9 to^^n^tSd 
contact 15 is formed directly on the s*cort substrata, inweun. « vnru 

E, JSS^^^" 6 ^^f 0,9 defw5fi0n °« «m therecn to determine the 

the^l^^ ^^ll conA *« Ml y « PhtheJocyaHhe teyer. Individual films of each of 

^^C^o^^Z 6 00 7^ , ° 5 8m P° WKb we on substrates heated to temperatures of 

xiS w vacUUrn **°SM°" « an evaporatioh chancer at a pressure of 2 

^tarn About 50mg of^ph^tocvanine was placed in a tungsten boat The boat was placed in a coronal 
^S^^ v^s also pfeced in tt, e evaporator on a copper btocK A tJ^^^S^Z ' 

[00231 The fiefd^ect mobDfty and the conductivity of the varous films prepared as deserted above is en™ted 
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SEISED 



TABLE P 



20 



Material 


Property 


Substrate Temperature 






30-C 


125°C 


200 fl C 


Cu-Pc 


Mobility (crrftVs) 
Conductivity (S/cm) 
on/off ratio 


6.0x10"* 
T.8X10- 9 
3.7x10* 


2x10* 
4X10* 
4x10 s 


I 6.7 xlO" 3 
3.1 x10- 9 
1.7x 1Q 5 


Zn-Pc 


mobility (cnYvVs) 
COnductivify (S/cm) 
on/off ratio 


2.3 x TO 4 

1.4 X TO" 6 
12 


2.4xl(r a 
1.1x10* 

2.a x io 4 


2-8 X 10* 

1x10" 7 

2x10* 


Hg-Pc 


mobility (cntVVs) 
conductivity (S/an) 
on/off ratio 


1.3 xlO* - 

6.4 x10' 7 
160 


2.6 X10" 3 
2-2x10^ 
8.1 x 10* 


5.6 X10" 7 
2.1x10-* 
26 


Sn-Pc 


mobility (cnYvVs) 
on/off ratio 


7.3 x10" 5 
1.9x 10" 7 
38 


3.4 x 10* 
2.4x10* 
1.6x10* 


not measurable 

4.8 x irjr* 
not measurable 


Fe-Pc 


mobilHy (cn^/Vs) 
conductKrfty f^cm) 
on/off ratio 


3.8x10* 
5.1 xlD" 9 
570 


6.9 X 10- 4 
6.8x1CT 7 
110 


1-1 x 10* 
1 x 1Q" 7 
100 


Pt-Pc 


roobH&y (onPWs) 
conductivity (S/cm) 
on/of! retio 


1.5X1CT 4 
2.2 X10' 7 
120 


1.5 x 10" 4 
2.7* NT 7 
80 


9X1CT 5 
4.7X10* 9 
2.6 xlO 3 


NhPc* 


nrxxMfflyfcn^/Vs) 
corxJuctK%{Sycro) 
orVoff rabo 


7x10* 
3,9 X10* 
120 


3x10* 
6^X10* 
110 


5.4 XlO" 5 
6.4 X10* 3 
110 



[00241 The ffoW-effect mobifity reported in TSbte I was calculated using Die following equafiorv 

voltage (Vo) of the d<-*c8 is determined from the refafionshp between the sojare root of the dr^n-so^cocurrL flJ> 
« ^ ^ih^i- ' S ^^"^ * *««vfc*.th« rotations** between the drwn^S votega 

SSf-J^^f^ "T^*** rep0rtfid '" Tab)B 1 * e a^rase values. Devces were formed using two substrate for 
^£ al each of the reported tenpenrtwes. Aj least twenty devices v^e formed on each substrate. 

^^Tl 6 ^ r!°.ri^ ^ exarrpl* if ^ U 8 x 10"* A°vvr^^ V^bcT- 

1 00 V and bs «s 1 x 1 0r" a when V Q = 0 and V D -loo V. then th9 on/bff ratio of the device is 8 x 10 s 
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10 



1S 



during film formation. Howeva; Table I ^^3^^^^ a ^™*™^^**t*Wer*hjr e 
iog deposflion was increased from 12S' *3£ ^toTJS JZZ h? ^^Si " SUbs,rata 'emp^e dur- 
i^e* m^erten^ratures^^^^^ £ 9 ^!*l' an **«««^» 

1«TC ^eX^es^^^ 

[0030] The sutetiluted f^l^ccy^^^^Z^Z^^ t f r ^ r8turR 



Example 2 



25 



«30 



described i,.Whor»a O.. et al„ C^Ti? 0 "^?^ T^ 6 ^ ^ccordinp-to m e procedure 



40 




AO 



5ff 



doped siOcon si^elolo™^^?^^ 21 W *'«W D * a separate n- 

exampk theteS^^t^e^ toS^*„!5" ™. *-£?9««* aW.^ihe Context cf thfe. 

The d deetric taye^SaoTln , tS ^!^L 1 5 b tomw* direct* on the siBcbn sUtettatB. 
10033] Tha temperature of the substrate was controlled during tto de^^di ^ ^ JrfmJ „ , 
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the above-idenUfied substituted phlhalocyanines coordination confounds were formed on substrates heated lo ienv 
peratures of 30*C, 125*C. and 215°C. Each film was formed using vacuum deposition in an evaporation chamber at a 
pressure of 2 x 10'* lorr. About 50 mg of the prrthalocyanine was placed in a tungsten boat The boat was placed in a 
conventional evaporator system. The substrate was also placed in the evaporator on a copper Hock A temperature 
5 controller was used to control the temperaturB of the copper block which, in turn, was used to control the temperature 
of the substrata, "me boat was healed to a temperature of about 3B0«C and the phthalocyanina fUm was formed at a 
rate of about 0.4 nm to about 0.5 nm per second. 

[0034] The electrical characteristics of these devices were measured under vacuum unless otherwise specified The 
current-voltage characteristics were obtained using a Hewlett-Packard (HP) 4145B analyzer. The field effect mobility of 
10 Ihe substituted phtfiaJocyanine coordination corrpounds were calculated using the method described in Example 1 
above. The calculated field effect mobilities for these devices is summarized m Table 2 be tow. 



TABLE l| 



Material 


! Mobility (cnrWs) at Substrate Temperature 




30-C 


12S*C 




F^CuPc 


SxlO" 3 


3 x 10" 2 


2 x 10~ 2 


F l6 ZnPc 


1.7 X10* 6 


4.5 xlcr 4 


1-2 X10" 3 


F l6 CoPc 


l.Sx 10^ 


4.5xirr 5 


4.3 X 10* 5 


! F 1B FePc 


5-5 X10* 4 


5.5x10^ 


1.3 X Iff* 


Cl ie FePc 


no field effect mobility was 
observed 


2.7x10^ 


Compound desorbed at this 
lemperature 


(CN} 8 CuPc 


Compound cannot be sublimed 


Compound cannot be sublimed 


Compound cannot be sublimed 


PyCuPc 


Compound cannot be sublimed 


Compound cannot be sublimed 


Compound cannot be sublimed 



[0035] The mobility of the devices dearly increased when the deposition temperature increased from 30*C to125°C 
Decreases in mobOHies for some devices were observed when toe deposition temperature was increased above about 
1 50°C, however. Although applicants do not wish to be hekJ to a par licuJar theory applicants believe that tfte substituted 
phthalocyanine filrns formed at efevaled temperature have an advantaoeous morphotogy for electron transport How- 

35 ever, Ihe relationship between substrate temperature and the mobility of the resulting device depends somewhat on the 
metal coordinate in the substituted ptrttatocyanine coordination compound. For example, an advantageous mobility 
was observed throughout the entire temperature range of about 30*c to about 215*C when the metal coordinate was 
cooper. However, an advantageous mobilily was observed trough the temperature range of about 100°C to about 
215*C when the metaJ coordinate was iron. An advantageous rocbflfty was cteerved Ihrough the temperature range of 

40 aboul 125^ to about 215*C when the metal cxxidinate was zinc. 

t0036] Of tf> B measured fiefcJ-efTect mobiles reported in Table II. the measured mobilities of ihe ftuortnated phthalo- 
cyanines were the highest The cyarosubstituted rjhtriakxyanine ancf the pyrazta derfvatfeed copper materials decom- 
posed before they could be stftfmed onio the substrate. 

[0037] The haJogen-subsliluted pHrtalocyanines were observed to be Stable m bw. The electron mobiBy and the 
45 on/off ratio of devices with relogen-sUfetituted prrtrTakxyanine seiniconductors did not cr^e subetantialry evert after 
the devices were stored in open air lor rrw 

phthaJocyanba material at 30-C did not demonstrate measwable fieW^ffect mobility and the chlorine-substituted 
material desorbed (i.e, the films cfid not form) at 21 5*0. Therefore, it appears that the flijorinf^substftuted phthaJccya- 
rial! iratenalS *** dB P° sited undQr * ***** ran 9 9 oi conditions than the chorine-substituted phthalocvanine mate- 

10038] F1Q. 3 is a current-voltage curve obtained for a device with a F ie CuPc semi<»nductor deposited on Ihe sub- 
strate at a temperature of I25*a The dam-source current QiA) is reported as a fcnctton of the cValrvsource votege (V) 
at various gala voltages. The measured device ruri g channel length of 12 pm. The film as deposited r^orms as an 
n-channel transistor. As the gate voltage that was appfiedto the device wasweasedl an Increased injection of eJec- ' . 
55 trons ^ s^conductor film (indicated by an increase in drain-source current with an fcxrease in draivsourcevoft- 
age; was cxiserved From fie data reported in RG. 3 fte field effect mobimy of this device was calculated to be o 03 
crrrWs usfng the method described in Example 1 above. 
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Claims 



1- A semiconductor device conprisfng: 



to 



IS 



25 




a ccntWM* in the range of about ^^^JfitS^SSV^^" ab0ut 10 " ""^ and 
* an mm ratio ol the aourca^n *nJS£ SSL ZcSt* V * erein 1,18 has 

6 ' ^ «» trans**, da™ 5 whe^ * e ttin fflm i. an MlS-FET 

«■ Th. ^oo^cr dev*e o, Cairn 2 herein ft, een^c^ ia , fig* e™^ 
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Thin f am transistor based on substituted phthalocyanines 



(57) Thin f»nv rt-cnarmel transistors In which Ihe 
activa layer is an ordered tarn of a substituted phthalocy- 
anine coordination compound wrih a field-effect mobility 
greater than 10* cnf/Vc and a conductivity in the range 
of about 1 cr 9 S/cm 10 about 10" 7 Sftm at 20-C are dis- 
closed. Examples of sutaWe substituted phthalocy- 
anines include copper phthalocyanine. zfnc 
phihatocyanine, hydrogen ptithalocyanina, and tin 
phihatocyantae in which the phmalcicyamne has"ai least 
one fluorine or chlorine substriueni on at least one of its 
six-meni?ered rings. Thin film devices made of these 
materials have an orvbff ratio of at least about 10 3 . it is 
advantageous if the device is fabricated using a process 
in which the substrate s heated to a temperature in thB 
range of about 30°C to about 213*0 when [he mm is 
formed thereon. 
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